In close agreement with visible germination, orthodox seeds lose desiccation tolerance (DT). This trait can be regained under osmotic stress, but the mechanisms are poorly understood. In this study, germinating seeds of Caragana korshinskii Kom. were investigated, focusing on the potential modulating roles of reactive oxygen species (ROS) in the re-establishment of DT. Germinating seeds with 2 mm long radicles can be rendered tolerant to desiccation by incubation in a polyethylene glycol (PEG) solution (-1.7 MPa). Upon PEG incubation, ROS accumulation was detected in the radicles tip by nitroblue tetrazolium chloride staining and further confirmed by confocal microscopy. The PEGinduced re-establishment of DT was repressed when ROS scavengers were added to the PEG solution. Moreover, ROS act downstream of abscisic acid (ABA) to modulate PEG-mediated re-establishment of DT and serve as a new inducer to re-establish DT. Transcriptomic analysis revealed that re-establishment of DT by ROS involves the up-regulation of key genes in the phenylpropanoid-flavonoid pathway, and total flavonoid content and key enzyme activity increased after ROS treatment. Furthermore, DT was repressed by an inhibitor of phenylalanine ammonia lyase. Our data suggest that ROS play a key role in the re-establishment of DT by regulating stress-related genes and the phenylpropanoid-flavonoid pathway.
Introduction
In orthodox seeds, desiccation tolerance (DT) is acquired gradually during development, near the end of the accumulation of storage compounds. The expression of DT, which does not occur in all species, is thought to be tightly controlled by a complex regulatory network (Verdier et al., 2013; Lang et al., 2014) . Until recently, the lack of a model system to manipulate and study DT easily has hindered understanding of this trait (Vieira et al., 2010) . To overcome the problem of different genetic backgrounds in congeneric species, non-germinated and germinated seeds of a single species with orthodox seeds have been used to advance understanding of DT (Huang and Song, 2013) . Although DT is usually lost during the early stages of seed germination (Bewley, 2013) , there is a window during which DT can be rescued by treatment with an osmoticum (PEG) and/or with the plant hormone abscisic acid (ABA) (Buitink et al., 2003; Maia et al., 2011 Maia et al., , 2014 Dekkers et al., 2015) . Such re-establishment of seed DT has been demonstrated in numerous species, including those of vegetables (e.g. Cucumis sativus), flowers (e.g. Impatiens walleriana), model plants (e.g. Arabidopsis thaliana and Medicago truncatula), and trees (e.g. Tabebuia impetiginosa) (Bruggink and van der Toorn, 1995; Buitink et al., 2003; Vieira et al., 2010; Maia et al., 2011 Maia et al., , 2014 .
Previous studies have shown that subjecting emerging radicles to osmotic stress using PEG can induce membrane changes and inhibits radicle growth (Buitink et al., 2003 (Buitink et al., , 2006 . In plants of Medicago and Arabidopsis, transcriptomic analysis of this experimental system has revealed the up-regulation of genes related to antioxidant enzymes, stress responses, seed storage, late embryogenesis abundant (LEA) proteins, and heat shock proteins (HSPs), and the induced synthesis of protective molecules, such as non-reducing sugars and certain proteins. In contrast, cell wall modification and energy metabolism genes are repressed (Buitink et al., 2006; Maia et al., 2011) .
It is now clear that reactive oxygen species (ROS) are involved in physiological and biochemical mechanisms of resistance to adversity in plants (Bailly, 2004) . Transient elevations in ROS levels in response to stress lead to the pre-activation of defence mechanisms, including enhanced activity of antioxidant enzymes (Gechev et al., 2002) . In soybean plants, spraying H 2 O 2 alleviates drought stress by causing an immediate increase in the mRNA levels of key enzymes for the biosynthesis of oligosaccharides (Ishibashi et al., 2011) . The ROS content increases when pre-germinated seeds are subjected to PEG-induced water stress (Huang and Song, 2013) . During re-establishment of DT in Medicago seeds, genes for enzymes involved in protection against oxidative stress are up-regulated, for example catalase and peroxidase (Buitink et al., 2006) . However, it is not known precisely how ROS contribute to the re-establishment of DT.
ROS are often involved in a broad range of biological functions through integration with ABA (Mittler and Blumwald, 2015; Choudhury et al., 2016) . The global gene expression profiles of Arabidopsis seedlings subjected to ABA or H 2 O 2 treatment showed substantial amounts of shared transcriptional responses to these two treatments, suggesting that ABA and H 2 O 2 regulate most of their downstream genes in a co-ordinated manner (Wang et al., 2006) . During seed imbibition, ABA suppresses rather than enhances the production of ROS, which control seeds dormancy and germination (Liu et al., 2010; Ye et al., 2012) . However, there is evidence that ABA causes an increased generation of ROS in stomatal cell closure (Arve et al., 2014) . In addition, when maize leaves are subjected to water-deficit conditions, accumulated ABA induces ROS synthesis (Jiang and Zhang, 2002) . Although many studies have explored ways to re-establish DT in germinating seeds (e.g. Maia et al., 2014) , the regulatory pathways modulating the reinduction of this trait remain to be elucidated.
Caragana korshinskii Kom. is a woody species widely distributed in the arid and semi-arid regions in north-western China Q.Yang et al., 2014) . Its seeds are nondormant and have high DT (Abudureheman et al., 2014 , Lai et al., 2015 . These facts make it a good species for studying DT in germinating seeds. In the present study, the reestablishment of DT was studied in germinating seeds of C. korshinskii by exposing them to PEG prior to desiccation. Upon PEG incubation, the changes in ROS content and their location were determined, and the relationship with ABA was analysed. Furthermore, a transcriptomic study was employed to characterize the effect of H 2 O 2 on the re-establishment of DT. Finally, we found H 2 O 2 to be a new chemical inducer that regulates the phenylpropanoid-flavonoid biosynthesis pathway, helping germinating seeds to re-establish DT.
Materials and methods

Plant material and germination
The seeds of C. korshinskii were collected from Inner Mongolia, China in September 2014. The original germination level was 88%, and the moisture content (MC) was 0.113 g H 2 O g -1 DW. The seeds were stored at -20 °C in tightly closed containers before the experiments. Seeds were imbibed at 4 °C for 24 h in the dark and then germinated at 25 °C in the dark. Germination values were based on six independent replicates of 25 seeds, with successful germination recorded when the radicle had protruded ≥0.5 mm.
Determination of MC
MC was assessed on four replicates of 20 radicles, by oven-drying at 103 °C for 17 h, according to the International Seed Testing Association (1996) . MC is expressed on a dry weight basis, that is in g H 2 O g -1 dry matter or simply g g -1
.
Assessment of the loss of DT during germination
Seeds were grouped based on the length of their emerging radicle. Thereafter, seeds and protruding radicles were dehydrated for 2 d at 25 °C on activated silica gel. After dehydration, seeds were prehumidified in humid (100% relative humidity) air for 24 h at 20 °C to avoid imbibitional damage and then sown for germination as described previously. Seeds that germinated and seedlings that continued their normal development were considered to exhibit DT. The experiment was replicated six times, with 25 seeds used each time germination and DT were evaluated.
DNA content determination
Relative DNA content was determinated by flow cytometry according to Faria et al. (2005) .
Assessment of the re-establishment of DT
To assess the re-establishment of DT, germinating seeds were selected by radicle length under a dissecting microscope against a metallic ruler with 0.5 mm scale divisions. Then, the material was dried either directly or after 3 d of incubation in PEG 6000 solutions at water potentials of -1.2, -1.7, or -2.0 MPa; the water potential was calculated according to the equation of Michel and Kaufmann (1973) . PEG treatments were performed in the dark, with germinating seeds placed in 9 cm Petri dishes containing two filter papers wetted with 10 ml of PEG solution. Incubation temperatures of 5, 10, 15, and 20 °C were used. To reinduce DT, seeds with protruding radicles <0.5 mm in length were incubated in 9 cm Petri dishes containing water (control), 100 µM, 500 µM, 1, 10, or 50 mM H 2 O 2 solutions in the dark at 25 °C until the radicles had elongated to 2 mm. Germinating seeds with 2 mm radicles were incubated in 9 cm Petri dishes containing two sheets of filter paper with 10 ml of 1 mM ABA solution in the dark at 20 °C for 3 d. After incubation, germinated seeds were rinsed thoroughly in distilled water and then dehydrated, pre-humidified, and sown for imbibition as described above. Germinating seeds that resumed normal growth were considered to exhibit DT. The results were based on six replicates of 25 seeds per treatment.
Viability test (tetrazolium test)
Seeds with 2 mm radicles were dehydrated (with or without previous PEG treatment), pre-humidified, and incubated in 0.25% (w/v) triphenyl tetrazolium chloride (TTC) solution for 12 h at room temperature in the dark. Stained red tissues were considered viable (International Seed Testing Association, 1996) . The test was performed on three replicates of 50 germinating seeds per treatment.
Endogenous ABA measurements
To quantify the endogenous level of ABA in radicles, 200 mg samples of sprouting radicles were frozen in liquid nitrogen and ground to a powder using a mortar and pestle. Samples were transferred to 10 ml of 80% methanol (HPLC grade). After extraction at 4 °C overnight, methanol was removed by evaporation in a sample concentrator. The aqueous phase was then extracted with ethyl acetate three times and concentrated in a rotary evaporator. Samples were dissolved in 3% methanol and 97% 0.1 M acetic acid, passed through a 0.45 µm filtration membrane, and analysed by HPLC as described by Cidade et al. (2012) .
Inhibitor of DT re-establishment
Seeds with 2 mm radicles were incubated in PEG solution (-1.7 MPa) containing different concentrations of N-acetyl-l-cysteine (NAC) and 1-methyl-3-phenyl-5-[3-(trifluoromethyl)phenyl]-4-(1H)-pyridinone (fluridone) for 3 d at 10 °C in the dark. According to the methods of Buitink et al. (2003) , the fluridone-PEG mixture was prepared from a 40 mM stock solution of fluridone dissolved in ethanol and Tween-20. Seeds with radicles shorter than 0.5 mm were soaked in H 2 O 2 solutions containing different concentrations of the phenylalanine ammonia lyase (PAL) inhibitor 2-aminoindan-2-phosphonic acid (AIP) in the dark at 25 °C until the radicles had elongated to 2 mm. Thereafter, seeds were dried, and the DT was tested as described above. The data were obtained for three independent replicates of 25 seeds.
In situ localization of superoxide anion
After the different treatments, seeds without coats were incubated in 6 mM nitroblue tetrazolium chloride (NBT) in 10 mM Tris-HCl buffer (pH 7.4) at 20 °C for 30 min. Then, the embryos were washed three times with deionized water, and the O 2 -was visualized as precipitates of dark blue insoluble formazan compounds.
Measurements and in situ localization of ROS ROS production was visualized after ROS staining with 5-(and-6)-chloromethyl-2',7'-dichlorofluorescein diacetate (H 2 DCF-DA) using confocal laser scanning microscopy (CLSM) according to Hu et al. (2012) .
Determination of H 2 O 2 content
Each sample had four replicates, and five radicles of each were ground to a fine powder in liquid nitrogen. H 2 O 2 determination occurred using a Hydrogen Peroxide Fluorescent Detection Kit (Arbor Assays, USA).
Western blot analysis
Protein concentrations were assayed according to the Bradford method. A 20 μg aliquot of protein per sample was separated via SDS-PAGE. Western blot analysis was performed as described by Lang et al. (2017) . The primary antibodies used in this research are shown in Supplementary Table S1 at JXB online.
Determination of antioxidant enzyme activity
The activity of the antioxidant enzymes was determined as described by Xin et al. (2014) .
cDNA library preparation and sequence data analysis and assembly Germinating seeds with 2 mm long radicles that had been treated in PEG and with H 2 O 2 (as mentioned in 'Assessment of re-establishment of DT') and non-treated germinating seeds at the same developmental stage were used for RNA extractions. Total RNA samples were extracted using the RN38 EASY spin plus Plant RNA kit (Aidlab Biotech). For reverse transcription-PCR, 2 µg of total RNA after digestion with RQ1 RNaseFree DNase (Promega) was used with MMLV Reverse Transcriptase (Promega) following the manufacturer's instructions. The cDNA library was sequenced on an Illumina sequencing platform (HiSeq™ 2000) . The clean reads were assembled into unigenes by the Trinity program (trinityrnaseq_r2013_08_14) and then used for de novo assembly. To obtain gene function annotations, all unigenes were aligned by BLAST to public databases [including: the National Center for Biotechnology Information (NCBI), nonredundant (NR), SWISS-PROT, eukaryotic orthologous groups (COG), Gene Ontology (GO) functional classifications, and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway databases]. The expression level of each unigene sequence was measured by their FPKM (fragments per kilobase of transcript per million mapped reads) values (Trapnell et al., 2010) . GO distributions for the C. korshinskii transcriptome were based on SWISSPROT annotations from UniProt. GO and KEGG pathway enrichment analysis was used for functional categorization of differences in gene expression (fold change >2 or < -2 and corrected P-value <0.005).
Real-time quantitative PCR (qRT-PCR)
For the qRT-PCR experiments, the GoTaq qPCR Master Mix was used according to the manufacturer's instructions (Promega) using BioRad Opticon 2. The C. korshinskii GAPDH (glyceraldehyde phosphate dehydrogenase) gene was selected and validated as a reference gene (Supplementary Fig. S1 ; Supplementary Tables S2, S3) (Q. . Each experiment was repeated three times. All primers used in this analysis are listed in Supplementary Table S4 .
Assays of phenylpropanoid metabolism-related enzymes PAL (EC 4.3.1.5) activity was assayed following the method of Assis et al. (2001) . Cinnamate-4-hydroxylase (C4H; EC 1.14.13.11) activity was determined according to the method of Lamb and Rubery (1975) , and 4-coumarate coenzyme A ligase (4CL; EC 6.2.1.12) activity was assayed as described by Knobloch and Hahlbrock (1975) .
Determination of total flavonoids
The total flavonoids are determined by UV-Vis spectrophotometry as described by Chen et al. (2016) .
Conductivity measurements
Electrolyte leakage measurements were performed using an automatic seed conductivity meter (DDS-307, China) according to Hu et al. (2012) .
Results
Germination and loss of DT during seed imbibition
Upon imbibition, visible germination (i.e. radicle protrusion) started after 4 h and reached 50% after 12 h (Fig. 1) . To test for a change in DT during imbibition, seeds were dried on activated silica gel. After 8 h of imbibition, 88% of seeds still exhibited DT, but DT fell to 50% by 22 h in the germination test. No seeds survived drying down after 50 h of imbibition (Fig. 1) . In brief, DT was inversely related to the progress of germination.
The nuclear DNA content in the radicles of matured dry seeds was analysed by flow cytometry, and the results revealed stable and low 4C DNA content (2%) before 20 h. With further imbibition, the relative content of 4C nuclei increased significantly, reaching 22% at 50 h and then reaching 62% after 72 h of imbibition (Fig. 1) .
Seed germination did not occur uniformly, even for a homogeneous batch of seeds in terms of seed mass. Therefore, to study the mechanism of DT in germinated seeds, we selected seeds after different time intervals but with the same protruded radicle length ( Fig. 2A) . As the radicles elongated, DT decreased such that no 2 mm long radicles tolerated drying down on silica gel. However, 57% and 78% of hypocotyls and cotyledons, respectively, of the same seeds survived (Fig. 2B , C). When seeds were desiccated more slowly in air and over saturated LiCl, 59% and 20% of seeds with 3 mm long radicles still survived, respectively ( Supplementary Fig. S2 ).
Assessment of the re-establishment of DT
DT of radicles in activated silica gel could be re-established very effectively (65-88%) in seeds with radicle lengths from 0.5 mm to 3 mm when the seeds were incubated in PEG solution prior to drying (Fig. 2B, D) . For example, pre-treated seeds with 2 mm long radicles had 81% DT, while the controls (2 mm, non-treated) had none. Just over half of the seeds with 3 mm long radicles tolerated activated silica gel drying after PEG treatment (Fig. 2B, D) . These results indicated that re-establishment of DT is dependent on the stage of germination and that different seed tissues also have differential sensitivities to drying down, with the radicles appearing to be the most desiccation-sensitive part of germinated seeds, followed by the hypocotyls and cotyledons (Fig. 2C, D) .
Although seeds with 2 mm long radicles without PEG pretreatment did not resume growth following dehydration, the radicles remained turgid after pre-humidification or the first day of rehydration. Therefore, to assess biochemically the viability of such seeds, a tetrazolium test was performed. Before dehydration, the cotyledons and radicles of all untreated seeds stained fully (Fig. 2Ea, F) . Most (86%) PEG-treated seeds stained equally well (Fig. 2Ed, F) , consistent with seeds of 2 mm long radicles that survived incubation in PEG, indicating that PEG at -1.7 MPa did not harm germinating seeds ( Supplementary Fig. S3 ). The very tips of untreated seeds that were dried had unstained radicles (Fig. 2Eb , Ec). In contrast, 70% of cotyledons were stained, indicating cell survival (Fig. 2Eb, Ec, F) . Following drying of the PEG-treated seeds, 38% of individuals had dark-red cotyledons and light-red radicles, 43% had light-red-stained radicles and cotyledons, 11% showed stained cotyledons and unstained radicles, and, finally, 8% remained completely white (Fig. 2Ee , Ef, F).
Factors influencing the re-establishment of DT
Treatment with PEG at -1.7 MPa reinduced DT in 80% of seeds with 2 mm long radicles (Fig. 2D ). Lower (-1.4 MPa) and higher (-2.0 MPa) concentrations of PEG resulted in a decrease in survival of drying, with only ~8% and 35% recovering, respectively ( Supplementary Fig. S4A ). Interestingly, -1.7 MPa is close to the estimated minimum osmotic potential (i.e. ψ b , base water potential) for seed germination and radicle growth ( Supplementary Fig. S5 ). In addition, temperature had an important effect on the re-establishment of DT in seeds; at 10 °C the maximum induced DT was 81% ( Supplementary Fig. S4B ). As re-establishment of DT is an active process, the incubation time is also crucial. A minimum of 3 d in -1.7 MPa PEG was necessary for re-establishment of DT in this species ( Supplementary Fig. S4C ).
Different water content conditions can significantly influence the response of DT. During incubation in -1.7 MPa PEG, the water content of 2 mm long radicles decreased steadily from 1.31 g g -1 DW to 1.12 g g -1 DW in the first 8 h, slowly reaching 1.1 g g -1 DW by 72 h ( Supplementary Fig.  S4D ). The water content of PEG-treated, ABA-treated, and untreated radicles was not significantly different after 48 h, being 0.05 g g -1 DW and less than the original water content of dry seeds (i.e. 0.113 g g -1 DW). Interestingly, the dehydration rate in H 2 O 2 -treated radicles was slower compared with that of the other treatments, although the water content was ultimately at 0.05 g g -1 DW ( Supplementary Fig. S4D ). Germinating seeds (squares) were imbibed at 25 °C from 0 to 72 h. DT (circles) was determined after drying (imbibed in activated silica gel for 2 d) of the imbibed/germinated seeds followed by pre-humidification and rehydration. Seeds that germinated or seedlings that resumed radicle growth and normal development were considered to exhibit DT. Each data point is the average of six independent experiments of 25 seeds/seedlings. The frequency of nuclei with 4C DNA contents (triangles) was expressed as the percentage of the total number of nuclei (2C+4C) from radicle cells during imbibition. For flow cytometry, each data point is the average of five replications of 10 radicle tips. Bars represent the SD.
ROS can induce re-establishment of DT of seeds
To investigate whether ROS play a role in the re-establishment of DT after PEG induction, the ROS content and locations were determined. The results of NBT staining showed that O 2 -was observed mainly in the tip of the radicle (Fig. 3A) . As the PEG treatment time was prolonged, the content of O 2 -increased. Almost no staining was observed in the untreated seeds. Furthermore, after H 2 O 2 and ABA treatment, radicles stained darker than untreated radicles. However, when the ROS scavenger NAC was added to the PEG solution, the tip of the radicles became less dark (Fig. 3A) . Excessive heavy metals such as Cu could have induced oxidative damage due to the excessive production of ROS in plants (Ye et al., 2012; Nenova and Bogoeva, 2014; Thao et al., 2015) . When the seed was incubated in Cu 2+ solution or embedded in activated silica gel without rehydration as a positive control, the whole seeds stained black (Fig. 3A) , suggesting that the ROS content dramatically increased. To confirm these images, the H 2 O 2 content was determined in seeds with 2 mm radicles with or without PEG treatment. The results showed that the H 2 O 2 content increased quickly from 1.60 ± 0.21 µmol l -1 to 4.08 ± 0.32 µmol l -1 after PEG treatment for 1 d and then increased more slowly after that, reaching 4.68 ± 0.29 µmol l -1 after 3 d of PEG treatment (Fig. 3B) . Seeds treated with H 2 O 2 had an internal H 2 O 2 concentration of 4.48 ± 0.22 µmol l -1 . In comparison with PEG-treated seeds at 3 d, the H 2 O 2 content was significantly lower (1.14 ± 0.13 µmol l -1 ) when NAC was applied. In addition, dehydration in silica gel and CuSO 4 treatment increased the H 2 O 2 content to 8.53 ± 0.21 µmol l -1 and 8.84 ± 0.17 µmol l -1 , respectively (Fig. 3B ). When the ROS in the root tip region were visualized by staining with H 2 DCF-DA, more ROS accumulated after PEG (1, 2, and 3 d) and H 2 O 2 treatments than in the control and inhibitor (NAC) treatments, but less ROS staining was observed than that induced by CuSO 4 (Fig. 3C) . These expression patterns suggest that mild osmotic stress (PEG) induced an increase of ROS.
Next, the relationship between ROS generation and DT was explored. As the ROS content increased, the propensity for re-establishing DT strengthened, whereas none of the seeds treated with the ROS inhibitor NAC exhibited DT ( Fig. 3D; Supplementary Fig. S6 ). To investigate further the role of H 2 O 2 in re-establishment of DT, different solutions of H 2 O 2 were used. The result showed that 1 mM H 2 O 2 was necessary for re-establishment of DT and thus was used for further experiments (Fig. 3E) . DT of seeds with 0.5 mm long radicles was unchanged, but 70, 68, and 32% of seeds displayed H 2 O 2 -induced DT when the radicles were 1, 2, and 3 mm in length, respectively (Fig. 3F) . These data demonstrate that H 2 O 2 can replace the role of PEG as an active inducer of re-establishment of DT.
It is possible that there is a requirement limiting excessive ROS accumulation in balance with the plant's antioxidant enzyme system. Genes coding for superoxide dismutase (SOD), peroxidase (POD), ascorbate peroxidase (APX), and catalase (CAT) were up-regulated after PEG, ABA, and H 2 O 2 treatments, but the expression of these genes changed little after the ABA synthesis inhibitor fluridone was added to the PEG solution. Additionally, these genes were downregulated after NAC treatment (Fig. 4A-D) . Western blotting showed that the protein abundance of APX and SOD significantly decreased after fluridone treatment; however, the expression of CAT and glutathione reductase (GR) proteins did not change significantly, and all enzymes measured in the antioxidant system decreased after PEG+NAC incubation (Fig. 4I) . Activities of SOD, CAT, and APX increased after 1 d of incubation in PEG solution and then remained stable. In contrast, the changes in POD appeared complex, with activities increasing after 1 d of PEG treatment, peaking at 2 d, and then dramatically decreasing. In addition, while ABA or H 2 O 2 treatments increased enzyme activities, adding NAC significantly decreased the activities of these enzymes ( Fig. 4E-H) .
H 2 O 2 may be downstream of ABA in re-establishment of DT
During the first day of PEG treatment, the ABA content determined in 2 mm long radicles increased rapidly from 55.03 ± 4.9 ng g -1 to 94.08 ± 3.2 ng g -1 , with no significant change thereafter (Fig. 5A) . When fluridone was applied exogenously, the re-establishment of DT by PEG treatment was prevented, with only 3% of seeds surviving drying (Fig. 3D) , and the ABA content decreased to 52.43 ± 2.56 ng g -1 (Fig. 5A) . The results suggested that ABA is involved in re-establishment of DT.
Next, we explored the relationship between ABA and ROS in the re-establishment of DT. After ABA incubation, H 2 O 2 contents increased to 5.23 ± 0.64 µmol l -1 compared with those of untreated seeds, which were similar to those of the PEG-treated seeds. However, when fluridone was applied with PEG or NAC in conjunction with ABA, the H 2 O 2 The seeds were loaded with ROS-specific fluorescent labelling 5-(and-6)-chloromethyl-2',7'-dichlorofluorescein diacetate (H 2 DCF-DA) for 30 min and then cut into very thin sections. Scale bar=25 μm. The section was examined by confocal laser scanning microscopy. All samples were not dehydrated. (D) Effect of different treatments on the re-establishment of DT. (E) Germinating seeds (<0.5 mm radicles) whose radicles had elongated to 2 mm incubated in different concentrations (100 μM or 500 μM as well as 1, 10, or 50 mM) of H 2 O 2 were used to reinduce DT. (F) H 2 O 2 reinduced DT. DT was determined after the seeds with protruding radicles <0.5 mm long were incubated in 1 mM H 2 O 2 solution until the radicles had elongated to different lengths, followed by pre-humidification and rehydration. Survival of hypocotyls (circles), primary radicles (squares), and cotyledons (triangles). Each data point is the average of four independent experiments of 25 seeds/seedlings. Bars represent the SE. content decreased to 3.28 ± 0.69 µmol l -1 or 3.38 ± 0.70 µmol l -1 , respectively (Fig. 5B) . These findings are consistent with spatial patterns observed for O 2 -and H 2 O 2 with NBT and H 2 DCF-DA staining (Fig. 3A, C) . Although the ABA content did not change significantly after H 2 O 2 and NAC treatments compared with that of untreated seeds, ABA content decreased to 42.78 ± 3.27 ng g -1 when fluridone was added to the H 2 O 2 solution (Fig. 5C) .
These results imply that ROS production may be mediated by ABA. To confirm this hypothesis, we then added NAC and fluridone to the ABA and H 2 O 2 solutions, respectively, during the incubation of seeds with 2 mm long radicles. All radicle tips failed to survive drying down when NAC was added to ABA, but the DT did not significantly change after fluridone was added to H 2 O 2 when compared with that of H 2 O 2 -treated seeds (Fig. 5D ). These data suggested that the influence of H 2 O 2 on the re-establishment of DT is downstream of ABA.
Transcription analysis after PEG or H 2 O 2 treatment
To characterize further the effect of H 2 O 2 on re-establishment of DT, gene expression was analysed by transcriptomic analysis. After removing adaptors and low-quality data, the total numbers of clean reads obtained were 46.5, 46.5, and 46.3 million reads from the untreated, PEG-treated, and H 2 O 2 -treated samples, respectively (Supplementary Table  S5 ). The Q30 percentage of these clean reads (the percentage of sequences with sequencing error rates lower than 1%) was >95% for all samples (Supplementary Table S5 ). The total length was 68 148 917 nucleotides, with a mean length of 864.8 nucleotides and an N50 of 1228 nucleotides (Supplementary  Table S6 ). Every all-unigene was longer than 200 nucleotides, and 19 489 unigenes were longer than 1000 nucleotides ( Supplementary Fig. S7 ). The high-quality reads were used for de novo assembly; each sample was assembled into unigenes, which generated 68 954, 67 057, and 66 402 unigenes in the untreated, PEG-treated, and H 2 O 2 -treated 2 mm radicles, respectively ( Supplementary Fig. S8 ).
The BLAST analysis revealed that a large portion of C. korshinskii sequences are similar to sequences found in other legumes such as Cicer arietinum, Medicago truncatula, and Glycine max ( Supplementary Fig. S9 ), indicating the reliability of the transcriptome sequencing data. All unigenes were also deposited in the NCBI database and can be accessed in the Sequence Read Archive (SRA) under the accession number SRR4299462. To understand their functions, a total of 39 702 (50.4%) unigenes were annotated ( Supplementary Fig. S10 ). In addition, GO functional classifications ( Supplementary Fig. S11 ), COG database analysis ( Supplementary Fig. S12 ), and KEGG pathway assignments ( Supplementary Fig. S13 ) were also performed. The FPKM method and MA plot diagram approaches were used to calculate the expression levels of the unigenes. The results showed 3160, 2981, and 3209 genes with significantly Table S7 ; Supplementary Fig. S14 ).
To evaluate the difference of transcriptome comparisons, the differentially expressed genes were assigned GO molecular function terms to predict and classify their functions. Each gene set was split into two subsets (up-or down-regulated). The top 20 biological process GO terms are shown in Fig. 6 . Genes enriched in the up-regulated subset of the PEG/ untreated material were those associated with biological processes such as 'response to abscisic acid', 'response to water deprivation', and 'response to hydrogen peroxide' (Fig. 6A) . The GO category 'response to abscisic acid' was over-represented in the down-regulated H 2 O 2 /PEG gene subset, and the ABA-responsive genes disappeared in the subset of upregulated H 2 O 2 /untreated genes (Fig. 6C, F) . Similar to the re-establishment of DT in Arabidopsis (Maia et al., 2011) , GO categories grouping genes related to the cell wall were over-represented in both the down-regulated PEG/untreated and H 2 O 2 /untreated gene subsets (Fig. 6B, D) .
Previous studies quantified the expression of a number of genes in PEG-or ABA-induced re-establishment of DT (Buitink et al., 2006; Maia et al., 2011) . Such genes were selected a priori and assessed by qRT-PCR. Genes encoding LEA proteins, HSPs, and transcription factors (TFs), including WRKY and NAC, have comparable patterns of expression, being more abundant after PEG or ABA treatment. In addition, those genes are up-regulated by H 2 O 2 but down-regulated by NAC treatment (Fig. 7) . Although DREB was up-regulated after PEG treatment, this gene did not sensitize seeds/radicles to ABA or H 2 O 2 (Fig. 7) . Genes involved in ABA-directed responses, such as PYRABACTIN RESISTANCE1-LIKE 8 (PYL8), ABA response element-binding factor (AREB), and ABSCISIC ACID INSENSITIVE 5 (ABI5), were up-regulated by PEG and ABA treatment and remained stable after fluridone and H 2 O 2 treatment. However, ABA catabolic genes, such as ABA 8-hydroxylase, were down-regulated after PEG and ABA treatment (Fig. 7) . In addition, KEEP ON GOING (KEG), which encodes an E3 ubiquitin ligase that degrades ABI5 (Wawrzynska et al., 2008) , remained stable after PEG treatment, but the expression of this gene significantly increased after H 2 O 2 treatment (Fig. 7) . To assess the cross-link between the re-establishment of DT with H 2 O 2 and PEG, we identified the genes that are either up-or down-regulated. The results showed that 95 genes were positively correlated with DT (referred to as the DT-UP list), and 256 genes were down-regulated when DT was induced (referred to as the DT-DOWN list) ( Fig. 8A, B ; Supplementary Table S8) . Remarkably, ethylene-responsive transcription factor (ERF) was positively correlated with DT (Supplementary Table S8 ). The qRT-PCR showed that the observed trends in ERF were consistent with those from RNA-Seq, and the expression levels of ERF were markedly increased by PEG, ABA, and H 2 O 2 treatments, but the expression of ERF decreased when NAC and fluridone were added (Fig. 7) .
To investigate whether the genes of C. korshinskii that were either up-or down-regulated were similar to those of other DT re-establishment systems, the associated Arabidopsis transcriptome (Maia et al., 2011) and DT-related transcriptome of Medicago (Terrasson et al., 2013) were used for comparison with C. korshinskii. For data uniformity, putative Arabidopsis orthologous transcripts of Medicago and C. korshinskii were used for comparison. After H 2 O 2 treatment of C. korshinskii, 16 and 31 up-regulated and 25 and 133 down-regulated genes overlapped in Arabidopsis and Medicago, respectively. Furthermore, 10 up-regulated and 7 down-regulated genes were shared by all species (Fig. 8C,  D ; Supplementary Table S9) . After PEG treatment, 39 upregulated and 20 down-regulated genes were shared among the three species ( Fig. 8E, F ; Supplementary Table S9) . Additionally, among the three species, the genes encoding GolS were all up-regulated (Supplementary Table S9 ), even in Arabidopsis after ABA treatment . The qRT-PCR showed that the genes coding for GolS, raffinose synthase, and stachyose synthase were all up-regulated by PEG, ABA, and H 2 O 2 (Fig. 7) .
Phenylpropanoid-flavonoid synthesis pathway is involved in H 2 O 2 -reinduced DT
Our results revealed that some genes were jointly induced by H 2 O 2 and PEG. However, according to the results of the H 2 O 2 /untreated up-regulated subset of the KEGG pathway assignment, the genes coding PAL, 4CL, chalcone synthase (CHS), chalcone isomerase (CHI), flavonol synthase (FLS), and isoflavone synthase (IFS), which, as key enzymes involved in the phenylpropanoid, flavonoid, and isoflavonoid biosynthesis pathways, were significantly up-regulated after H 2 O 2 treatment but were insensitive to PEG treatment ( Fig. 9A, B ; Supplementary Table S10 ). To verify the reliability of the transcription data, key genes involved in the phenylpropanoid-flavonoid biosynthetic pathway in the H 2 O 2 /untreated set were amplified by qRT-PCR. The results showed that the expression of all key genes was significantly increased after H 2 O 2 treatment (Fig. 9C) . To confirm that the phenylpropanoid-flavonoid pathway is involved in H 2 O 2 -induced re-establishment of DT, AIP, an inhibitor of PAL (the first enzyme in the phenylpropanoidflavonoid pathway), was applied to the H 2 O 2 solution. The results showed that AIP prevented the re-establishment of DT from the H 2 O 2 treatment; only 13% of seeds after incubation in H 2 O 2 solutions with 500 µM AIP (this concentration of AIP had no obvious effect on seeds development) had induced DT ( Fig. 10A; Supplementary Fig. S3 ). The flavonoid content increased from 2.34 mg g -1 to 6.00 mg g -1 after H 2 O 2 treatment; there was no significant change after PEG or ABA treatment, but the flavonoid content decreased significantly to 2.56 mg g -1 when AIP was applied with H 2 O 2 (Fig. 10B) . As shown in Fig. 10C , the PAL activity exhibited a great increase compared with untreated seeds after H 2 O 2 treatment. Similarly, the activities of C4H and 4CL increased after H 2 O 2 treatment rather than after PEG or ABA treatment, and AIP inhibited the increased activities of three pivotal enzymes (Fig. 10C) . Under drought or heavy metal stress conditions, more ROS were produced, which induced electrolyte leakage (Ahmad et al., 2016; Sun et al., 2015) . The result showed that the electrolyte leakage remained after PEG or H 2 O 2 treatment; however, the electrolyte leakage increased when AIP was added to H 2 O 2 solutions, and it increased sharply after dehydration in the silica gel or Cu solution treatment (Fig. 10D ). These data demonstrate that the phenylpropanoid-flavonoid pathway induced by H 2 O 2 could avoid exogenous H 2 O 2 damage and help re-establish DT. Fig. 8 . Overlapping genes in different systems of DT re-establishment. Venn diagrams comparing the overlapping transcripts whose levels (A) increased (UP) or (B) decreased (DOWN) in C. korshinskii seeds after PEG treatment compared with untreated seeds (PEG/untreated) and after H 2 O 2 treatment compared with untreated seeds (H 2 O 2 /untreated). Genes were considered significantly different when −1<M (log 2 )>1 and P<0.01. The gene lists are presented in Supplementary Table S8 . Overlapping (C) up-regulated and (D) down-regulated homologous genes from seeds of C. korshinskii after incubation in H 2 O 2 (C. korshinskii H 2 O 2 ), of Arabidopsis after PEG treatment (A. thaliana PEG), and of Medicago seeds during maturation and PEG incubation (M. truncatula DT) correlate with DT; (E) up-regulated and (F) down-regulated genes from Arabidopsis after PEG treatment, germinating C. korshinskii seeds after re-establishment of DT induced by PEG (C. korshinskii PEG), and Medicago seeds during maturation and PEG incubation also correlate with DT. The gene lists are presented in Supplementary Table S9 .
Discussion
Tolerance to drying is a function of the level of water loss, the kinetics of dehydration, and the time course of drying (Black and Pritchard, 2002) . To vary the extent and rate of dehydration, seeds were dried over saturated solutions (Buitink et al., 2003; Maia et al., 2011) or with activated silica gel, which has a much lower relative humidity of <10% (Vieira et al., 2010; Huang and Song, 2013) . Usually, in seeds, slower drying imposed by higher relative humidity improves the retention of viability better than rapid or flash drying using activated silica gel (Vieira et al., 2010) . However, induction of DT is possible in C. korshinskii seeds with a 3 mm long radicle, as some seeds tolerated both slower air-drying and faster and deeper dehydration over a saturated solution of LiCl (13% relative humidity; -250 MPa) (Supplementary Fig. S2 ). Therefore, C. korshinskii germinating seeds have a much greater tolerance to drying down (Figs 1, 2C ) than Medicago seeds with 2 mm long radicles, which lost their DT completely after dehydration over a K 2 CO 3 (43% relative humidity; -100 MPa) saturated solution (Buitink et al., 2003) . DT decreased, with mitosis resuming in both C. korshinskii and Medicago, but the rate of DT loss in C. korshinskii was significantly slower and germination faster compared with Medicago ( Fig. 1 ) (Faria et al., 2005) . These traits make C. korshinskii a suitable species to explore DT mechanisms.
In germinating seeds of C. korshinskii, a short development window corresponds to the stages when the protruding radicle was from 0.5 mm to 3 mm, with an optimal size of 2 mm (Fig. 2) . The longer the radicles of seeds were, the lower the efficiency of re-establishment of DT would be, which is consistent with the findings in Arabidopsis (Maia et al., 2011) . Similar to Medicago seedlings (Faria et al., 2005) , TTC staining of C. korshinskii provided a good estimate of potential tolerance to drying, as the radicles were stained in PEGtreated, dried, and rehydrated seedlings (Fig. 2E, F) , whose staining was consistent with the level of radicle elongation.
A moderate amount of ROS production plays a positive role in plant stress responses (Suzuki et al., 2013; Baxter et al., 2014) , and H 2 O 2 pre-treatments are known to induce salt, heat, and drought tolerance in plants (Lopez-Delgado et al., 1998; Wahid et al., 2007; Ishibashi et al., 2011) . In quinoa, immediate confrontation with 'foreign' ROS and bacterial elicitors probably induces a naturally primed state, enabling the plants to withstand extreme situations (Pitzschke, 2016) . In this study, we found that ROS accumulated in the radicle tip of germinating C. korshinskii seeds undergoing PEGinduced re-establishment of DT (Fig. 3A) . In addition, DT reinduction can be blocked by the ROS scavenger NAC, confirming that ROS are essential in the re-establishment of DT. Furthermore, H 2 O 2 was found to be a new inducer to re-establish DT (Fig. 3) . Genes coding for the antioxidant enzymes CAT and POD were up-regulated during re-establishment of DT (Buitink et al., 2006) , and H 2 O 2 is known to enhance antioxidant enzyme activity in plant cells (Gechev et al., 2002; Jiang and Zhang, 2002) . Therefore, excessive ROS accumulation is controlled by antioxidant enzymes during re-establishment of DT of germinating C. korshinskii seeds (Fig. 4) .
In the process of DT re-establishment in C. korshinskii seeds, ABA and ROS accumulated after PEG treatment (Figs 3, 5A), and some genes were up-regulated by either H 2 O 2 or ABA treatment (Fig. 7) . Previous studies have demonstrated that ROS play a role downstream of ABA (Jiang and Zhang, 2001) . For example, in ABA-induced stomatal closure in leaves, the production of H 2 O 2 is induced and serves as a secondary messenger (Arve et al., 2014) . In addition, ROS accumulation in Arabidopsis roots is enhanced by ABA treatment (L. Wang et al., 2015) . The subset of up-regulated genes in germinating C. korshinskii seeds treated with H 2 O 2 did not include ABA-related genes (Fig. 6C) , and ABA did not accumulate after H 2 O 2 treatment (Fig. 5C ), meaning that ABA is not downstream of H 2 O 2 . Moreover, ABA treatment of C. korshinskii radicles clearly triggered ROS production (Figs 3, 5B ). In addition, fluridone repressed ROS accumulation and effectively prevented re-establishment of DT, but fluridone has no effect on H 2 O 2 -induced reestablishment of DT (Fig. 5B, D) . Based on these data, we deduced that ABA induces ROS production as a key step in the re-establishment of DT.
The complexity of the response of seeds to PEG-or ABA-induced re-establishment of DT is shown by the broad changes in the transcriptome: enhancement of many genes encoding stress-related proteins (HSPs and LEAs), raffinose family oligosaccharide biosynthesis-related enzymes (RFOs), and TFs (WRKY, NAC, and ERF) (Buitink et al., 2006; Maia et al., 2011) . At the same time, many of these genes are also induced by ROS (Mowla et al., 2006; Zhou et al., 2011; Zhou et al., 2012; Wang et al., 2013; Xu et al., 2013) . Similarities in 'omics' responses of C. korshinskii indicated a close functional relationship between PEG-and H 2 O 2 -induced re-establishment of DT (Fig. 7) .
While there are clear similarities between the DT induction pathways following PEG or H 2 O 2 treatments, a key difference exists regarding the role of the phenylpropanoid-flavonoid pathway (Fig. 9) . In carrot, ROS are essential for mediating the wound-induced phenylpropanoid pathway (Han et al., 2017) . In this study, DT can be suppressed by the PAL inhibitor (Fig. 10) , and total flavonoid content increased during H 2 O 2 -induced DT (Fig. 10) . However, the key enzymes were not sensitive to PEG or ABA treatment, and the genes in the phenylpropanoid-flavonoid pathway were not involved in PEG-induced DT in C. korshinskii, Arabidopsis, or Medicago (Supplementary Tables S8, S9 ), indicating that this pathway is only involved in DT reinduced by H 2 O 2 . In germinating C. korshinskii seeds, the gene encoding caffeoyl-CoA O-methyltransferase, whose involvement is related to the phenylpropanoid-flavonoid pathway, is up-regulated during H 2 O 2 treatment (Supplementary Table S10), which is similar to that observed with the resurrection of Craterostigma plantagineum plants (Rodriguez et al., 2010) . Previous studies have demonstrated that increased activities of three pivotal enzymes result in the accumulation of flavonoids (Chen et al., 2006; Liu et al., 2014) , which was similar to that observed in our study (Fig. 10 ). This pathway is required for the biosynthesis of a wide variety of soluble specialized plant metabolites, including flavonoids and isoflavonoids (Vogt, 2010) . These compounds are thought to have many functions, such as mitigation of drought stress (Nakabayashi et al., 2014a, b; Wang et al., 2016a, b) . Flavonoids can provide a chemical barrier by decreasing permeability to moisture (Debeaujon et al., 2001) , which might be involved in the reinforcement of cell walls (Francisco et al., 2016; Pascual et al., 2016) , making the radicle cells more impermeable and therefore slowing down the dehydration rate (Supplementary Fig. S4D ). Furthermore, flavonoids protect plant cells from drought stress by scavenging ROS (Tattini et al., 2014 (Tattini et al., , 2015 Nakabayashi et al., 2014b) . In contrast to antioxidant enzymes, flavonoids are located in different cellular organelles and probably help in complementary protective (antioxidant) functions (Agati and Tattini, 2010; Agati et al., 2012) ; for example, flavonoids in the vacuole with POD could help maintain whole-cell H 2 O 2 within a sublethal concentration range (Ferreres et al., 2011; Agati et al., 2012 Agati et al., , 2013 . Up-regulation of the phenylpropanoid-flavonoid pathway and POD is proposed to combat the risk of ROS toxicity during the exogenous H 2 O 2 treatment and dehydration of germinating C. korshinskii seeds (Figs 4, 9, 10; Supplementary Table S10). The accurate execution of signalling functions of ROS prevents the accumulation of oxidative stress while enabling the re-establishment of DT in emerging radicles.
In summary, our results demonstrate that DT can be reinduced by H 2 O 2 or PEG in germinating C. korshinskii seeds that have lost DT. Moreover, the action of ROS is downstream of ABA during PEG treatment. During H 2 O 2 -induced re-establishment of DT, ROS levels are controlled by antioxidant enzyme activity and flavonoid biosynthesis. Upon the cumulative combination with enhanced HSPs, LEAs, and RFOs, dehydration damage is reduced (Fig. 11) . These comprehensive mechanisms induced by H 2 O 2 aid the survival of germinating seeds of C. korshinskii in potentially hostile environments.
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